Risk factors for non-Aspergillus mold infection (NAMI) and the impact on transplant outcome are poorly assessed in the current era of antifungal agents. Outcomes of 124 patients receiving allogeneic hematopoietic cell transplantation (HCT) diagnosed with either mucormycosis (n = 72) or fusariosis (n = 52) between days 0 and 365 after HCT are described and compared with a control cohort (n = 11 856). Patients with NAMI had more advanced disease (mucormycois: 25%, fusariosis: 23% and controls: 18%; P = 0.004) and were more likely to have a Karnofsky performance status (KPS) o90% at HCT (mucormycosis: 42%, fusariosis: 38% and controls: 28%; P = 0.048). The 1-year survival after HCT was 22% (15-29%) for cases and was significantly inferior compared with controls (65% (64-65%); P o 0.001). Survival from infection was similarly dismal regardless of mucormycosis: 15% (8-25%) and fusariosis: 21% (11-33%). In multivariable analysis, NAMI was associated with a sixfold higher risk of death (P o 0.0001) regardless of the site or timing of infection. Risk factors for mucormycosis include preceding acute GvHD, prior Aspergillus infection and older age. For fusariosis, increased risks including receipt of cord blood, prior CMV infection and transplant before May 2002. In conclusion, NAMI occurs infrequently, is associated with high mortality and appears with similar frequency in the current antifungal era.
INTRODUCTION
Infections remain a significant cause of morbidity and mortality following both autologous and allogeneic hematopoietic cell transplantation (HCT). Registry data indicate that 13-17% of patients receiving allogeneic HCT have infection as a primary cause of death. 1 However, these data neither define the extensive morbidity nor the frequency of opportunistic infections and they likely underestimate the full contribution of infection as a cause of death. 2 The etiology of infectious complications after transplantation is multifactorial and prevention of infection remains crucial to improve outcomes. 3 Routine prophylaxis with fluconazole results in decreased Candida spp. infections compared with placebo; 4 however, since its institution, increasing Aspergillus spp. infections were noted. 5 Since the approval of agents with anti-aspergillosis activity, case reports from individual institutions have suggested breakthrough infections of mucormycosis in patients receiving anti-Aspergillus azoles or echinocandins. [6] [7] [8] [9] [10] This was not seen in a randomized control trial comparing fluconazole with voriconazole for prophylaxis. 11 The frequency of pathologically or microbiologically confirmed post-transplant mold infections not due to Aspergillus spp. . 7 The majority of these infections were due to Aspergillus spp. and Candida spp., with only 66 reported cases of mucormycosis and 22 cases of fusariosis.
'In order to better understand the impact of mucormycosis and fusariosis on transplant outcomes and to identify risk factors, potentially including antifungal prophylaxis, we designed and executed a retrospective observational study using the Center for International Blood and Marrow Transplant Research (CIBMTR) database.
PATIENTS AND METHODS Patients
This analysis includes all patients receiving an allogeneic HCT for any indication and reported to the CIBMTR between 1995 and 2008. Patients received either conventional myeloablative or a reduced intensity/non-1 myeloablative conditioning from any donor source. Patients were considered cases if they were reported with either fusariosis (n = 52) or mucormycosis (n = 72) (including Mucorales spp., Rhizopus spp. and Zygomycetes not otherwised specified) at any site occurring from day 0 up to 1 year following transplantation; additional NAMI were not included owing to lack of sufficient numbers of cases reported of other organisms such as Scedosporium spp. All identified cases came from 66 transplant centers predominantly in North America (n = 50), with additional centers in Europe (n = 5), Asia (n = 2), Australia/New Zealand (n = 4), Middle East/Africa (n = 2) and Central/South America (n = 3). To minimize ascertainment bias, as the CIBMTR does not collect data using European Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses Study Group (EORTC-MSG) criteria, a comparison control cohort (n = 11 856) included all patients from the same centers as cases who met all other inclusion criteria but did not have a NAMI reported in the first year after transplant. 12 This restriction potentially minimizes prophylaxis, diagnostic and treatment biases as well. 
Definitions and endpoints
Conditioning intensity was defined as myeloablative or non-myeloablative using criteria defined by CIBMTR. 13 Performance status at the time of HCT was defined according to the Karnofsky scale for patients 16 years and older or the Lansky scale for those younger than 16 years. Leukemia disease stage for patients with AML, ALL and CML was categorized as early (CR1, CP1), intermediate (⩾ CR2/CP2, Rel 1 or AP) or advanced (all other stages). HLA-match grade categories for unrelated donors were categorized as previously published.
14 Infection data are reported by centers with an organism code, a date of onset and a site of infection. Sites of infection are reported as disseminated if the organism is found in three or more non-contiguous sites. Data regarding method of diagnosis, severity of infection and treatment are not captured.
Outcomes of interest included overall survival (OS) from the time of transplant, OS from the time of NAMI and risk factors for each infection. Infections with CMV and aspergillosis were assessed for both cases and controls. Acute GvHD was defined as the occurrence of grade II-IV skin, gastrointestinal and/or liver abnormalities fulfilling the Glucksberg criteria of acute GvHD. 15 Chronic GvHD was defined using the National Institutes of Health consensus criteria. 16 
Statistical analysis
Descriptive statistics for patient, disease and transplant-related factors were compared using χ 2 -analysis or Mann-Whitney testing, as appropriate. A Kaplan-Meier analysis for OS from the time of transplant was determined. Cox modeling was employed to determine the effect of NAMI on OS adjusted for factors at the time of transplant as well as the time-dependent co-variates of acute and chronic GvHD. Cox models also determined the effect of infection site and the time of infection onset following transplant on OS.
To account for multiple infectious episodes occurring in a single patient and adjusted for a period of time at risk, infection density was determined. 17 This was calculated specifically for CMV infection and aspergillosis for the first year after transplant. A recurrent infection required a period of 60 days without evidence of CMV or 90 days without evidence of aspergillosis following an initial infectious event. 18 Estimation of OS from the time of NAMI was determined within the infection cohort. In addition, a Cox model was used to identify risk factors for the diagnosis of mucormycosis and fusariosis. Variables included age, stem cell source, disease and disease status at transplant, co-morbid conditions of endocrine, pulmonary and/or autoimmune disease, Karnofsky performance status, acute GvHD before infection, chronic GvHD before infection, CMV reactivation before NAMI, aspergillosis before NAMI and year of transplant before or after May 2002 as a surrogate for antifungal prophylaxis. These variables had a P-value ⩽ 0.1 in univariate analysis between cases and controls or were incorporated as timedependent variables that may have an impact on the likelihood of NAMI.
Median follow-up of the survivors was 61 months (range: 13-132 months) for cases and 62 months (range: 1-186 months) for controls.
RESULTS

Patients
Key characteristics of patients with mucormycosis, fusariosis and controls are shown in Table 1 . Patients with mucormycosis were older (median, 47 years (range: 3-68 years)) compared with either the cases with fusariosis or the controls (fusariosis: 32 years (range: 1-63 years); controls: 34 years (o1-79 years); P o0.001). Patients in the control cohort were more likely to have a KPS ⩾ 90% at the time of transplant (mucormycosis: 56%, fusariosis: 60% and controls: 68%; P = 0.048). Although there was no difference in the disease indication for transplant, cases were less likely to have early-stage leukemia compared with controls (mucormycosis: 38%, fusariosis: 42% and controls: 53%; P = 0.004). The frequency of certain co-morbid conditions including pulmonary disease, endocrine diseases and autoimmune disease was assessed, as these conditions may be associated with increased risk of infection. There was no difference in the frequency of these co-morbidities, although pulmonary disease was slightly more common for patients with mucormycosis and autoimmune diseases for patients with fusariosis.
Transplant-related variables, such as donor/recipient gender match, CMV serostatus match and HLA match were similar between cases and controls (Table 1 ). In addition, the use of myeloablative conditioning was similar between the groups (mucormycosis: n = 46 (64%), fusariosis: n = 39 (75%) and controls: n = 8075 (68%); P = 0.43).
Infection
The rate of NAMI was 10.35 cases per 1000 patients transplanted (mucormycosis: 6.01/1000 and fusariosis: 4.34/1000) in these 66 centers. In comparison, the rate of Aspergillus occurring in the first year after transplant was 45.9 cases per 1000 patients transplanted. When analyzed by stem cell source, there were 7.71 cases per 1000 bone marrow grafts, 11.93 cases per 1000 peripheral blood stem cell grafts and 15.24 cases per 1000 umbilical cord blood grafts (P = 0.02). There was also a slightly higher rate of NAMI in recipients of adult unrelated donor grafts (11.53/1000 transplants) compared with patients receiving related donor allografts (9.31/1000 transplants, P = 0.19).
Information on systemic antifungal prophylaxis is shown in Table 2 . The antifungal prophylaxis did not differ between the groups (P = 0.549). No systemic antifungal prophylaxis was administered to 13 (18%) mucormycosis cases, 6 (12%) fusariosis cases and 2000 (17%) controls. The predominant antifungal agent used was fluconazole (mucormycosis: 40%, fusariosis: 54% and controls: 53%) and there was no difference in the use of any azole (P = 0.148). Information on dosing and duration of antifungal prophylaxis was not available.
The median time from transplant to infection onset was 48 days (range: 1-363) for all NAMI (mucormycosis: 75 days (1-360) and fusarium: 28 days (0-363)). This was earlier than the onset for Aspergillus infections, which occurred at a median of 96 days (range: 14-230). The majority of NAMI occurred in the first 100 days post transplant, with only 35 (28%) cases occurring between 3 months and 1 year post transplant. In the first 3 months post transplant, infections occurred primarily between day 0-30 (n = 49 (40%)) with a similar distribution occurring from day 31-60 (n = 18 (15%)) and day 61-100 (n = 22 (18%)). Only 14 (11%) cases experienced relapse of the underlying hematologic malignancy before the diagnosis of NAMI occurring at a median of 2.3 months.
As expected, sinus/respiratory was the most common site of infection reported occurring in 55 (44%) cases. The remaining cases occurred in the blood/marrow (14%), the gastrointestinal Abbreviations: HCT = hematopoietic cell transplantation; HL = hodgkin lymphoma; KPS = Karnofsky performance status; MDS = myelodysplastic syndrome; NHL = non-Hodgkin lymphoma; SAA = severe aplastic anemia.
tract (14%), skin only (6%), the central nervous sytem (2%) and the musculoskeletal system (o 1%). Five (4%) patients were reported with disseminated infection and 18 patients had no site of infection reported. As patients are at risk for multiple infections during the first year after HCT, we determined the infection density for CMV and aspergillosis, and compared between the cases and controls. There was no difference in the rate of CMV infection between cases and controls (cases: 0.57 per patient vs controls: 0.29 per patient; P = 0.55); however, cases had a fourfold higher rate of aspergillosis compared with controls (cases: 0.29 per patient vs controls: 0.07 per patient; P o 0.001). The number of NAMI patients with aspergillosis was small (n = 14) and only 7 patients were diagnosed before or concomitant with the NAMI diagnosis.
In multivariable analyses (Tables 3 and 4) , prior aspergillosis was the greatest risk factor for the development of mucormycosis in the first year after transplant. Other risk factors included age 450 years and prior acute GvHD. The risks for fusariosis included receipt of umbilical cord blood, prior CMV infection and transplant between 1995 and April 2002. Notably, year of transplant did not increase the risk of mucormycosis. Other factors not increasing the risk for either mucormycosis or fusariosis include neither Karnofsky performance status, prior chronic GvHD, disease and disease status at transplant nor co-morbid conditions of prior pulmonary, endocrine or autoimmune disease.
Survival
The OS from transplant was significantly inferior for patients developing a NAMI with only 22% (95% confidence interval (CI): 15-29%) of cases alive at 1 year compared with 65% (95% CI: 64-65%) of controls (P o0.0001; Figure 1a ). For patients with NAMI, most died within 30 days of the diagnosis and the probability of survival at 100 days following NAMI was only 27% (95% CI: 20-35%; Figure 1b) . The type of NAMI did not change the poor outcome (100 day OS, mucormycosis: 29% (95% CI: 19-40%) and fusariosis: 25% (14-37%)) and, therefore, fusariosis and mucormycosis were combined for the multivariable analysis of OS.
In multivariable analysis, patients with a NAMI had a sixfold greater risk of death compared with the controls and this was not impacted by the site of the infection (bloodstream: 6 (Table 5 ).
DISCUSSION
Our data represent a large cohort of patients receiving allogeneic HCT from 66 centers reporting to the CIBMTR. Within a cohort of 11 980 patients, only 124 (1%) developed a NAMI with either mucormycosis or fusariosis between the time of stem cell infusion and 1 year post transplant. However, for that 1% of patients, outcomes were dismal with only 22% of patients alive 1 year after transplant and only 27% of patients alive 3 months after the diagnosis of NAMI. Risk factors increasing the likelihood of mucormycosis included prior GvHD, older age and prior Aspergillus spp. infection. Notably, there was no difference based on year of transplant preceding or following May 2002 as a surrogate for potential increased use of voriconazole in the risk of developing mucormycosis. The risks were different for fusariosis and included the use of umbilical cord blood, prior CMV infection and earlier transplant period. Neutropenia and impaired cell-mediated immunity are known risk factors for the development of invasive fungal infections. Other risk factors include iron overload, poorly controlled diabetes mellitus and prolonged use of corticosteroids. [19] [20] [21] Many of these factors are clearly present in an allogeneic HCT population. However, in general, these risk factor analyses have focused on all invasive fungal infections that are generally predominated by aspergillosis and Candida infections. 5, 19, 20 In recent years, singlecenter publications document breakthrough mucormycosis in patients receiving anti-aspergillosis prophylaxis. 6, 8, 22 Large, multicenter, randomized controlled trials did not support this finding. 11, 23 Our data also dispute evidence of increasing NAMI in the recent antifungal era. In fact, the overall incidence and rate per 1000 allogeneic transplants from our analysis is similar to that reported by Garcia-Vidal et al. 7 Consequently, it does not appear that the use of voriconazole increases the risk of mucormycosis; however, further analyses in which larger numbers of patients are exposed to voriconazole are warranted to confirm this finding. Conversely, it appears that the US Food and Drug Administration approval of voriconazole corresponds with a decreased risk of fusariosis in our population, although voriconazole prophylaxis was rare in our study. Data suggest improved survival in patients with disseminated fusariosis treated with voriconazole. 24 It is possible that the decreased risk of fusariosis after May 2002 may reflect an earlier transition to voriconazole for empiric therapy in a neutropenic patient; unfortunately, we do not have treatment data to confirm this hypothesis.
Despite the small number of patients diagnosed with aspergillosis either preceding or concomitant with the NAMI diagnosis, aspergillosis was associated with more than a fourfold increased risk of mucormycosis in multivariable analysis. As previously noted, risk factors for invasive fungal infections are likely to be similar regardless of the causative organism; therefore, this risk factor may simply serve as a surrogate for extensive defects in both innate and adoptive immunity resulting in increased risk of any opportunistic infection. Alternatively, it is possible that patients were misdiagnosed or misreported with aspergillosis in the setting of a mold infection. However, this finding may also explain the suggested breakthrough of mucormycosis with the use of voriconazole, as patients may be surviving the aspergillosis due to use of voriconazole and ultimately live long enough to manifest an alternative NAMI. 6, 8, 22 As expected, survival following NAMI is quite poor. Unfortunately, and more concerning, this does not appear to have improved in the era of newer antifungal agents. Based on our analysis, the 1-year survival following infection with mucormycosis is~15%. For fusariosis, 1-year survival following infection is~21%. These data do not differ from outcomes published in 2002 for patients receiving HCT from 1985 through 1999. 5 Until better therapies are identified, our ability to improve outcomes from NAMI will require prevention of exposure, continued improvement in diagnostic techniques and modification of risk factors in the allogeneic HCT population.
Our study has clear limitations due to its observational cohort design. A major limitation is the reported data for antifungal prophylaxis. Notably, 15% of cases and 17% of controls were reported to receive no antifungal prophylaxis. In addition, several patients were reported to receive more than one antifungal agent as 'prophylaxis'. Data are lacking regarding timing and duration of antifungal prophylaxis, as well as length of empiric antifungal therapy and changes in therapy that occurred during the transplant course. Furthermore, we have no data regarding duration of corticosteroid use in either the cases or controls. Finally, the infections are reported by organism and date of onset, and site of infection is requested, but the CIBMTR does not collect diagnostic criteria to determine 'proven' or 'probable' by the EORTC-MSG criteria; therefore, there is the possibility of both under-and overreporting, which could affect a risk factor analysis. 12 We have no information on the clinical symptoms or severity of the infection; therefore, it is possible that some cases represent colonization or contaminants rather than an invasive infection. We attempted to account for this by limiting our control cohort to those transplant centers that had cases making the assumption that transplant centers generally employ similar prophylaxis, treatment paradigms, and diagnostic and data reporting criteria across the transplant patient population.
Our data demonstrate that NAMI occur infrequently but are most common early after HCT. This observation is not surprising, as most patients have multiple risk factors including impaired cellular immunity as well as neutropenia during this time. 21 However, those NAMI that occurred beyond 100 days post transplant were twice as likely to be fatal as the patients diagnosed during the first 30 days post transplant. This may be due to relapse of the underlying hematologic malignancy preceding the infection. Alternatively, this outcome may be due to lack of awareness of ongoing risk and exposures to these ubiquitous microbes, as patients are commonly seen less frequently at the transplant centers later in the transplant course. Education of patients and referring physicians about the ongoing risk of NAMI and adjustments in prophylaxis may be necessary to decrease these infections. 25 In summary, NAMI remain uncommon but highly fatal infections following allogeneic HCT. Prolonged vigilance for the development of NAMI is required, in particular after development of acute GvHD or other opportunistic infections and may require novel antifungal prophylaxis schedules. Detailed accurate information on prophylaxis and antifungal therapy is required to better understand the implications of these agents on the development and outcome of NAMI. The CIBMTR is now collecting detailed information on all research patients reported with invasive mold infections.
